As Advanced Oxidation Processes (AOPs) are based on radical reactions that are very fast, non-selective and can completely oxidise substances, they have great potential for the removal of non-biodegradable pollutants from municipal and industrial wastewater. However, although there has been much progress in understanding AOPs, most work has been limited to laboratory or pilot-plant scale; there are few reports on industrial applications of AOP for wastewater treatment and hardly any disclose costs. Publication of such studies is needed if AOPs are to gain wide application as an alternative to more conventional treatment methods.
Introduction
Advanced oxidation processes (AOPs) are based on radical reactions and offer the potential of a complete oxidation of water pollutants to water, carbon dioxide and mineral salts. The first AOP is the Fenton Reaction discovered by Fenton in 1894 where † OH-radicals are produced from hydrogen peroxide under the addition of Fe(II) as a catalyst. Since then numerous other chemical and non-chemical processes for the production of † OH-radicals have been developed. As radical reactions are very fast and nonselective, and due to their ability to completely oxidise substances, they have found wide interest for the removal of non-biodegradable pollutants from municipal and industrial wastewater.
Despite the progress that has been achieved in understanding and using AOPs, most applications are limited to the laboratory or pilot plant scale. In the following a survey is given on technical applications, even though not exhaustive, and also the costs will be discussed wherever available. The survey is restricted to the removal of pollutants from wastewater as there are excellent surveys covering the application of AOPs to drinking water, e.g. Ried and Mielcke (2006) and Suty et al. (2004) . The survey will also be limited to chemical methods as the non-chemical methods like ultrasound, electron beam irradiation, non-thermal plasma or radiolysis are still under development or rather expensive.
Processes based on chemical reagents
Processes based on a combination of reagents like O 3 with OH-and O 3 with H 2 O 2 which generate † OH-radicals or the combination of H 2 O 2 with NaClO which produces the singlet oxygen have found application in particular in the production of drinking water from surface or river water (Ried and Mielcke, 2004) . Due to the low investment costs they are used also in the upgrading of effluents from biological wastewater treatment plants or to meet the requirements for recycling of process water as shown in Table 1 . Möbius and Helble (2004) report on the recycling of wastewater from the paper industry by a combination of biotreatment and ozonation followed by a biofilter. The COD could be reduced by 60% using 0.4-1.0 g ozone per g COD eliminated allowing for a 20 -30% recycle rate. The operating costs are within e 0.05 to e 0.2 /m 23 depending on the type of wastewater and the size and technical standard of the plant.
Adding a second stage, as indicated in Figure 1 , resulted in an almost complete removal of the BOD and the colour in a pilot study. These data were confirmed in some technical plants producing printing grade paper resulting in an up to 80% recycle rate. Addition of a nanofilter for removing the electrolytes from the wastewater even allowed for a total closure of the water cycle.
Processes based on UV-light
Even though UV-light may photolyse compounds directly, such as in disinfection, it is normally used in combination with a variety of oxidants. UV-light based processes are very flexible and avoid drastic pH changes. The reaction rates are high resulting in compact systems.
H 2 O 2 is the most common and efficient oxidant from a stoichiometric and handling point of view but has the disadvantage that the absorption coefficient is rather low. UV/peroxide can completely mineralise any organic compound to carbon dioxide and water. In most applications this level of treatment is not necessary as the oxidation products pose no problem from a toxicity point of view and are readily biodegradable. The costs of UV treatment strongly depend on the absorption properties of the compounds to be removed. Compounds that absorb UV-light and have a high quantum yield like pentachlorphenol or N-nitrosodimethylamine (NDMA) are good candidates for photodegradation. It is important that any scavengers like carbonates, which readily react with † OH-radicals, are removed before treatment with UV-light.
In a case study concerned with the removal of endocrine disruptors at a level of 2.0-10.0 mg/L and pharmaceuticals (below detection limits) from effluents of the Braunschweig municipal WWT-plant (Germany) the following costs as listed in Table 2 were estimated.
It should be stressed, however, that the above comparison is not to be generalised as due to the large variety of persistent components, only pilot tests will allow the most economical process to be chosen. For the removal of contrast media, the combination of UV-light with H 2 O 2 proved to be very effective in contrast to ozonation (Sprehe et al., 2001) .
The Calgon Corporation claims that due to a propietary UV lamp with an energy efficiency of over 30% they obtain a treatment rate two to three times better than standard commercial lamps under identical conditions (Calgon, 1996) .
Processes based on homogeneous catalysts
The Fenton reaction is the most applied process for removing recalcitrant compounds from wastewater due to its simplicity. The major drawback of the Fenton reaction is the production of iron sludge waste which has prompted the development of the Photo Fenton process using UV-light or solar light for the reduction of Fe(III)oxalate back to Fe(II)oxalate resulting in a drastic reduction of the sludge waste. Suty et al. (2004) cite some examples of applying the Fenton reagents, as listed in Table 3 .
The Calgon Corporation has developed an UV/Fenton process using a propietary UV lamp and a small amount of Fe(II)-catalyst which gives an up to fivefold increase in the degradation rate of aromatic and olefinic compounds (Calgon, 1996) .
A Solar-Photo-Fenton process was developed at Plataforma Solar de Almeria (PSA) in Spain and it is applied to the pretreatment of washwater obtained in reclaiming of plastic pesticide containers and which is to be followed by a biological treatment. PSA claims that the process is economical and that a similar plant is under construction for treating wastewater from an industrial pharmaceutical process (www.psa.es).
Processes based on heterogeneous catalysts
Titan dioxide (TiO 2 ) has been proven as the overall most effective catalyst in AOPs even though doted TiO 2 catalysts or other semi-conductors may show superior to TiO 2 in the degradation of specific compounds. Despite the numerous investigations on a laboratory or even pilot plant scale, no cost data of technical applications are available from the literature. Table 2 Comparison of treatment costs for the degradation of persistent substances Ternes et al., 2003) Ozone
Ozone/H2O2 UV/ozone UV/H2O2 Based on a pilot plant study for recycling wastewater from a textile plant, the total-costs for treating 390 m 3 /d with a recycle rate of 67% in a solar-photocatalytic reactor with a fixed TiO 2 -catalyst were estimated at less than US$1 m 23 (INCO Project ERB 3514).
Detoxification of paper mill wastewater by solar-photocatalysis in a so-called SOLAR-DETOX w type reactor within a decantation/biological treatment/decantation/photocatalysis/biological treatment train proved effective in reducing the TOC as well as colour (Sattler et al., 2004) . The costs for the treatment of 100 m 3 /d of a typical papermill wastewater require an area of 2,650 m 2 at an investment of e 1.3 M resulting in treatment costs of about e 7.6 m 23 (at German prices).
Conclusions
Despite a thorough search within the very extensive AOP literature, only a few applications were found dealing with industrial applications of AOPs for wastewater treatment and hardly any of these disclose costs.
Since industrial applications and costs will ultimately decide on the future of AOPs, I strongly urge the audience to publish such applications and costs in order to raise the awareness of potential applicants and spread the acceptance of AOPs as an alternative to more conventional treatment methods. 
